HE 215: Nuclear & Particle Physics Course 





Dr. Jyothsna Rani Komaragiri 


Centre for High Energy Physics, IISc 
Webpage: http://chep.iisc.ac.in/Personnel/jyothsna.html 


e-mail: 
jyothsna@iisc.ac.in, 
jyothsna.komaragiri@gmail.com 


August 2018 Lectures 





Jyothsna (CHEP) Nuclear & Particle Physics Course August 2018 Lectures 1/185 


Outline | 





@ A Brief History of Particle Physics Discoveries 
e Standard Model 
@ Hadron Colliders 
@ Particle Physics - The Zoo 
@ History of Universe 


@ Nuclear Physics 

Liquid drop model or Semi-empirical mass formula 
Nuclear Stability or 6- Stability curve 
Shell Model 

Radioactivity 

gamma decay 

beta decay 

Q-value of nuclear reaction 

alpha decay 

Nuclear Fission 

Nuclear Fusion 
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References: 

e Introduction to elementary particles by David Griffiths - 2nd edition 
- John Wiley 8 Sons 

o Particles And Nuclei by Bogdan Povh, Klaus Rith, Christoph 
Scholz, Frank Zetsche - 6th edition Springer 

e Introduction to high energy physics by Donald Perkins - Third 
edition Addison-Wesley 

e Introduction to Nuclear and Particle Physics by Das & Ferbel - 
World Scientific 

e Introductory Nuclear Physics by Krane K.S. - John Wiley 4 Sons 

e Introduction to Elementary Particle Physics by Alessandro Bettini - 
Cambridge 

e Particle Physics by Martin, B.R. & Shaw, G. - Wiley 


For Particle Physics | will mostly follow 
Introduction to Elementary Particles, 2nd Revised Edition 
by Griffiths 
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All the slides are available on google Drive link: 
https: //goo.gl/vepcJi 
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A Brief History of Particle Physics 
Discoveries 


This is chapter 1 in Griffiths. 
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Looking Inside the Atom: er, p, and n 


= 1897: J.J. Thomson discovers that the 
charge/mass ratio of cathode rays is fixed, and 
q/m >> ions = Electron is discovered 


Y 


1909: Rutherford observes large-angle scattering 
of alpha particles from a thin gold foil, implying 
atoms have a compact nucleus with most of atomic 
mass 


Y 


1914: Bohr proposes "orbital model" of hydrogen 
and calculates emission spectrum 


= 1932: Chadwick discovers the neutron (solves 
puzzle of why atomic number and atomic mass = 
differ) mer amem oam a et 





= 1934: Yukawa proposes a theory of the strong + UU. 
force that holds the nucleus together, predicts — «— ug 


particle with mass ~m,/6 mediating the strong force ud E 
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The Carrier of Electromagnetism: y 


= 1899: Planck proposes that the radiation 
emitted by a black body is quantized in 
units of hv 





> 1905: Einstein explains the photoelectric 
effect using Planck's EM quantum (the Epnoton= AV 
ph oton) 700 nm Vma = 622110" ms 


= 1916: Millikan does precision 
measurements of the photoelectric effect, 
finds agreement with Einstein's prediction, 
measures h to 0.5%. 


= 1923: Compton observes wavelength shift 
when light is scattered off electrons, 
confirming both the existence and the 
particle nature of photons. 
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Dirac and Antimatter 


= 1927: Dirac combines QM and special relativity in an elegant 


equation. 
Ho = ioe =(-ia-V + Bm 


We will learn more about this equation later. 


Two solutions for the wavefunction o arise unavoidably (since E? = 
p^ + m* admits two solutions for the energy, one positive and one 
negative). 


Dirac postulates a "sea" of negative energy electrons. Excitations of 
the sea would appear as positive energy "holes" of positive charge. 


= 1932: Anderson discovers a positron —— — .— “` y > Re 


(from a cosmic ray) in a cloud chamber. — 
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Holding the Nucleus Together: 
The Strong Force 


= 1934: Yukawa proposes a theory of the strong force. Like EM and 
gravity, it employs a field, but in this case it has a massive, rather 
than a massless, quantum. 


= A massive quantum implies a short range ~ hi mac 


= |n order to agree with known nuclear binding energies, the 
exchanged quantum (a 'meson') would have mass ~m,/6. 


This theory of the strong interaction is not correct; it would be 
another 30 years before the world of quarks and gluons would be 
revealed. However, in an appropriate limit (low energies), Yukawa 
theory is an effective theory of the strong interaction, and the form of 
the Lagrangian he used recurs in many modern theories. 
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Mesons 


> 1937: A new particle is seen in cosmic rays by two groups. The mass 
is reasonably close to the expectation for the pion, however, 
> Lifetime was too long?!? 
» Different mass measurements were inconsistent 


> 1946: lt was seen that these cosmic ray particles (at sea level) 
appeared to interact weakly with nuclei (pion should interact strongly) 


> 1947: Powell looks at cosmic rays at high altitude and shows that 
there are two mesons: r and Mu 
> misthe Yukawa particle, is 
short-lived (10 s), and decays PL 
to u (plus a v) E. 
> lives for 10% s, does not ; 
interact strongly, decays to e 
(plus two v) 
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Beta Decay, Neutrinos 


> Radioactivity sometimes leads to emission of er (and in a few cases 
B) 


= The energy of the electron is less than expected for the two-body 
decay A B + e: 





= 1930: Pauli proposes a missing neutral particle 


Y 


1933: Fermi proposes theory of beta decay involving a “neutrino” 


> Neutrinos are also (not) seen in the decay in the decays of charged 
pions (one missing) and in muons (two missing) 


= 1962: neutrinos from pion decay, incident on nuclei, produce u, not e: 
v, and v, are separate particles. 
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Strange Particles 


= 


1947: Rochester and Butler discover K” 3 m'm in a cloud chamber 
picture of a cosmic ray. 


1949: Powell discovers K' —> n'm zx 
1950: Anderson discovers ^ > pr 


1953: Brookhaven Cosmotron and Berkeley 
Bevatron make strange particles in the 
laboratory. 





Some mysteries: 

= Produced strongly but decay slowly 

= Two particles of equal mass have opposite parity; one decays to two 
pions, the other to three pions... 


New quantum number -- strangeness -- assigned to these new 
particles; conserved by strong & EM forces, but not by weak 


Amazing phenomenology -- we'll study the K system later on 
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Manmade Accelerators 


» 1929: Cyclotron invented by E.O. Lawrence 








1953: Brookhaven Cosmotron reaches 3.3 GeV 
- 1954: Berkeley Bevatron (6.3 GeV) 

1960s: AGS (30 GeV) at Brookhaven, PS (28 GeV) at CERN 
1970s: Fermilab main ring, CERN SPS (300-400 GeV) 


= 1970s: 5-30 GeV e*e colliding beam machines (SLAC, DESY, Comell, 
Frascati) 


1980s: p-pbar colliders (CERN SPPS, Fermilab Tevatron) 


=> 1990s: High-energy e*e colliders (CERN LEP, SLAC SLC) 


2010-2012 Run I at LHC (7/8TeV pp collider) € 
Run Il at LHC to start at CERN in 2015 (13 TeV pp collider) 


Y 





Y 


Y 


Y 
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Quark Model 


= Many hadrons (mesons and baryons) were discovered by 1964 


=> Attempts to classify this "zoo" led to the suggestion = 
of quarks (Murray Gell-Mann): K 
=  3types of quarks: up, down, and strange (u, d, s) , p 
= Carry charges (*2/3, -1/3, -1/3) i 
= Appear in combinations of either quark+antiquark, or cm - 
3 guarks (or 3 antiguarks) MET 
= Existing hadrons fit nicely into this scheme $- a 


=> Scattering e- and v off nuclei show evidence for 
substructure, in particular 3 “partons” within each nucleon. 


= Why are there no free quarks? 

= Pauli exclusion principle should forbid the (2 baryon (3 s quarks) but 
it's seen 
= Quark model is wrong, or 
= There is another hidden quantum number (colour) 
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Charm, and the “November Revolution” 


= New massive (3.1 GeV) “J/w" particle seen at 

Brookhaven (p+N > u*uX) and SLAC (ete > 

hadrons) in November 1974 

= Narrow width (i.e. long lifetime) 
incompatible with existing quark 
constituents 

= Classified as a bound state of a new quark 
and antiquark 

= Charm quark is heavy (~1.4 GeV) " j 
compared with u, d, and s “ EDI 





> Particles with charm flavor (D mesons: c quark + u or d antiquark) 
seen subsequently 


=> Restores symmetry between quarks and leptons: 2 generations with 
2 members each (e,v,), (u,v,) and (u,d), (s.c) 


= However, symmetry didn't last long... 
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Tau: a 3rd Charged Lepton 


> Shortly after the discovery of the J/y 
some unusual events were seen at 
SLAC; e.g. ete: > e*w + missing 
momentum 

> Determined to be from the 1, a 
heavier (x17) cousin of the u 

» An additional neutrino (v,) was also 
assumed 


> Nature apparently has (at least) 3 
generations of leptons 





> The discovery suggested that 3rd generation of quarks might exist... 
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Bottom and Top 


» 1977: Lederman et al. find Y (upsilon) meson in 
invariant mass of u*w pairs; evidence for 5th "b" 
quark with mass of ~5 GeV 


> Implies that at least 3 generations of quarks exist 
> 1983: b-flavoured particles seen at Cornell 


» Rich phenomenology (and applicability to open 
questions) makes study of B mesons still a 
forefront activity today. 





» Top quark is much, much heavier 
than the others (174 GeV!) 


> First seen at Fermilab in 1995, after 
many years of effort. 
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W and Zand... 


> By early 1970s the Standard Model was being formed 


Predicted massive vector bosons as the carriers of the weak force 


Y 


> Predicted neutral weak currents; seen at CERN in 1973 
> Requires v-induced interactions to avoid being masked by much 
stronger EM interactions 


> CERN SPPS produces W and Z in 1983, NEPH 
confirming electroweak unification : 


> LEP collider at CERN and SLC at SLAC produce 
Z in e*e collisions; detailed studies confirm SM 
and limit the number of light neutrino species to 3 


^ 5 3 z x K 


"m ee w*- w" E ë B m 
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... the Standard Model 


~25 ‘fundamental’ parameters 
(masses, couplings, mixings) 


3x2 leptons 3x2x3. quarks 


g Only W* bosons (uf (af 
f lead 
to change 
of flavour 






fermions > 


€ bosons 
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Standard Model 
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The Standard Model - Fermions 


matter constituents 
FERMIONS spin = 1/2, 3/2, 5/2, 
Leptons spin =1/2 Quarks spin =1/2 
Approx. . 
Flavor dir Flavor Mass pale 
eV/c Gevrc2 | charge 
Vj pones. (0-0.13)x10-9 Ll) up 0.002 2/3 
€ . electron 0.000511 Qj down 0.005 NS 


Y) mede |(0.009-0.13)x10-2 (O) cham 1.3 9/3 


HL) muon 0.106 Sy strange 0.1 


Vy neutrino* (0.04-0.14)x10-9 Ly v 173 


tau 1.717 JO) bottom 4.2 
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The Standard Model - Bosons 


force carriers 


BOSONS spin = O, 1, 2, ... 


Unified Electroweak spin = 1 Strong (color) spin =1 


Mass Electric 
GeV/c^ | charge 


Electric 
charge 


Name 
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The Standard Model - Interactions 


Properties of the Interactions 


The strengths of the interactions ( Md are shown relative to the strength of the electromagnetic force for two u guarks separated by the specified distances. 


Gravitational Weak Electromagnetic Strong 


Property Interaction Interaction, MM Interaction Interaction 


Acts on: Mass — Energy Flavor | Electric Charge | Color Charge 





Particles experiencing: All Quarks, Leptons | Electrically Charged Quarks, Gluons 


Particles mediating: E wt w- z? Gluons 


10-41 0.8 | 25 


Strength at Tm 
3x10717 m 10- 41 1074 | 60 
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The Standard Model 





=1.275 GeV/c? 


c 


mass > 2.3 MeV/c? 


2/3 
u 7 


charge > 2/3 





spin > 1/2 
up charm 
=4.8 MeV/c? =95 MeV/c? 
-1/3 -1/3 
1/2 , 
down 


0.511 MeV/c? 


-1 
1/2 


electron 











V «2.2 eVIc* <0.17 MeV/c? 
= 0 0 

o 1/2 1/2 

2 electron muon 
J neutrino neutrino 





=173.07 GeV/c? 

2/3 

1/2 l 
top 


=4.18 GeV/c? 


-1/3 a 
. YY 
bottom 


91.2 GeV/c? 


Z boson 


1.777 GeV/c? 

-1 0 

1/2 1 
tau 


<15.5 MeV/c? 


0 
1/2 


tau 
neutrino 


GAUGE BOSONS 
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The Standard Model - Interactions 


| |. sw | fs 
large | Classical Mechanics | Relativistic Mechanics 
small | Quantum Mechanics | Quantum Field Theory 


e The theories in the Standard Model are Quantum Field Theories 
(QFT). 
e This is not a QFT course! 


e However we can USE the Feynman Rules to calculate measurable 
quantities. 
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Particle Physics 





Sizes and distance scales 





e On the way down in scale 
we have discovered 
hundreds of particles 


o However, the 


fundamental ones are 
few... 







«10718 m 
0.000000000000000001 m 
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Particle Physics - Tools 














How we see 

different- 
sized 
objects: 


atom 


. nucleus 


electron 
microscope 


We need a short-wavelength probe. 
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Particle Physics - Detectors 


@ the probe scatters from the 
target and must be detected 

e the interaction must be 
reconstructed 

e the reconstructed data must 
be interpreted 

e bad models/theories must be 
discarded 
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Units in Particle Physics 


Energy is measured in MeV, GeV or TeV 


1 MeV = 10° eV, 1 GeV = 10? eV, 1 TeV = 10"? eV 
1 TeV = 1000 GeV. 1 GeV = 1000 MeV 1 eV = 1610 ??J 


1 eV is the energy gained by one electron 
subjected to a potential difference of 1 Volt 
E? = p*c* + m*c 
Where E energy, p momentum, m rest mass. Hence pc and mc? have 
dimensions of energy and it is convenient to measure momentum in 








4 





units of GeV/c and mass in units of GeV/c? 
[E(GeV)]* = [p(GeV/c)]*c* + [m(GeV/c^)]^ c* 
1eV/c? =1.7810 “Kg  1eV/c=5.34 10 Kg ms! 


B C Is out we oft it the c i a | Wm 
ecause canceis out we oten oml e I.e. pu cz 300,000 Km s: 


= 1 (and A = 1) so momenta and masses are also c = 186,000 mph 


measured in GeV C = 1 light year/ year 
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Other Units 





hc 


hc 


hc 


hc 


hc 


Jyothsna (CHEP) 


1.05 10 Js x 3 10*ms ! (SI units) 


1.05 10-?4Js x 3 109ms ^! 
1.6 10 19(J/eV) 


1.97 10 “eV m 





1.97 10^! x (10 °)MeV x (10%)fm 


197 MeV fm 





AE-At = h = Energy x time 
-. hc = Energy x time x velocity 


- Energy x distance 


Charges measured in term of the electronic charge e e=1.6x10** C 
Cross sections measured in terms of barns 1 barn = 10-28 m2 
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Aside - Wavelength of Probe 





Probing small features requires a short-wavelength probe. 
We use particles as probes, remember what we learned from de 
Broglie 

A hi 

A Z ES 

2n p 
Note: as momentum goes up, wavelength goes down 
You can show extreme cases: 


E? — pc? 4 mec? 
a — h hc 
DA = IN M E «« moc? 
4 2mc? Exin 
2)A = i" Exin >> moc? 
Ekin 
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A Particle Physicists Periodic Table: 


The Standard Model 


Over the last 100 years: combination of Quantum Mechanics and 
Special Theory of relativity along with all new particles discovered has 
led to the Standard Model of Particle Physics. The new (final?) 
Periodic Table of fundamental elements. 





The Standard Model has been 
tested thousands of times, to 
excellent precision. Yet, its most 
basic mechanism, that of granting 
mass to particles remained a 
mystery for a long time. A major 
step forward was made in July 
2012 by experiments at Large 
Hadron Collider with the discovery 
of a particle that could be the 
long-sought Higgs boson!! 


Matter particles 
səpıyed 39.104 
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The Standard Model 





=1.275 GeV/c? 


c 


mass > 2.3 MeV/c? 


2/3 
u 7 


charge > 2/3 





spin > 1/2 
up charm 
=4.8 MeV/c? =95 MeV/c? 
-1/3 -1/3 
1/2 , 
down 


0.511 MeV/c? 


-1 
1/2 


electron 











V «2.2 eVIc* <0.17 MeV/c? 
= 0 0 

o 1/2 1/2 

2 electron muon 
J neutrino neutrino 





=173.07 GeV/c? 

2/3 

1/2 l 
top 


=4.18 GeV/c? 


-1/3 a 
. YY 
bottom 


91.2 GeV/c? 


Z boson 


1.777 GeV/c? 

-1 0 

1/2 1 
tau 


<15.5 MeV/c? 


0 
1/2 


tau 
neutrino 


GAUGE BOSONS 
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The Standard Model - Great Mysteries 





e As brilliant as the SM is, there are 
problems/mysteries: 

20+ free parameters, hierarchy 
problem, etc. 

> unification of 3 forces? 

- gravity? 

- matter/anti-matter asymmetry? 
Dark matter candidate? 


e So, the ultimate goal is to rule-out the 
oM and find something better! 
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Four forces 





Gravity 

Strength: 6x109 
Range: Infinite 
Exchange: Graviton? 


Strong Force 
Strength: 1 
Range: 10m 

.| Exchange: Gluon 


Electromagnetic 

Force * | Weak Force 
Strength: 1/137 camer Strength: 10* 
Range: Infinite à; "m Range: 10m 
Exchange: Photon Exchange: W* Z? 











Taken from http://universe-review.ca/F15-particle.htm 
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Unification of forces 
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Forces 


The weak force acts between all quarks and leptons 


The electromagnetic force acts between all charged particles 
The strong force acts between all quarks 


Weak EM Strong 
Quarks 
Charged x 
Leptons 
Neutral Leptons x x 
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Range of forces 


The range of the interaction is related to the mass of the exchange particle M 


An amount of energy AE = Mc? is 'borrowed' for a time At governed by 
the Uncertainty Principle 


AEAt~h At-h/AE 


The maximum distance the exchange particle can travel in this time ¡s: 


Ax=cAt 


(c is the maximum 
velocity it can have) Ax = ch/AE — ch/ Mc? 


hc in funny units 
Converts GeV to MeV 


The W has a mass of ~80 GeV/c? — 197 MeV fm / 80x10? MeV — 2 x10? fm 






Ax = hc/ Mc? 


The photon has zero mass — infinite range, 
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Elementary Particles 


Elementary Particles are ‘point like' fundamental spin Y. fermions (obey 
Fermi-Dirac Statistics). They have no discernible size or structure. 
There are two types Quarks and Leptons: 


Quarks — have electric charge -Y e or+%e 
Quarks come in 6 ‘flavours' : 


up (u), down (d), strange (s), charm (c), bottom (b), top (t) 
Each quark comes in 3 'colours' - Red, Green, Blue 


Leptons - have electric charge O or +e 
Leptons also come in 6 ‘flavours’ : 
electron e”, muon y, tau T, 
electron neutrino ve, muon neutrino v,, tau neutrino v. 
Leptons don't have colour 
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Antiparticles 





All quarks and leptons have antiparticle partners, with all 
quantum numbers reversed, but with the same masses 












Charge + rather than - ——— 
Antileptons: e*, u+, t*, Ve, Vur Vz 
The anti-electron is known as the positron 


Antiquarks have anticolours 


Note: Electric Charge has values +, - , O 
Colour Charge has values r, g, b, r, g, b 


When particle and antiparticle meet they 


annihilate to give energy with all quantum 
numbers zero (usually as photons) 
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Antiquarks: d, u, s, c, b, t EU PO PAYO 
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Aside: Fermions € Bosons 





Consider 2 particles 1 and 2 in two states a and p. There 
are 2 linear combinations to form and overall wavefunction 
1 
Us = (v1 (a)v2(8) + vi(8)wo(a)) 

v2 


rg Cea) — v(8)wz(a)) 


If we interchange icles 1 52,21 
1 . 
Us — og (us) + vo(8)us(o)) = vs 


UA 


WA `> 5M 2(a)v1(8) — vo(8)u1(a)) = —Va Antisymmetric 
7 
If the two particles are in the same state i.e. a = p 
1 | 
Us = —2b1 0 wa =0 
V2 


Two particles with antisymmetric wavefuntions cannot be in the same 
state > Pauli Exclusion Principle (— Shell structure of electrons) 
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Aside: Fermions & Bosons 





Particles with antisymmetric wavefunctions are called 


Fermions and obey Fermi-Dirac statistics 





e.g. leptons, quarks and baryons (electrons, proton, neutron... 


All fermions have half integer spins 2, Y... 


Particles with symmetric wavefunctions are called 
Bosons and obey Bose-Einstein statistics 
e.g. exchange particles and mesons 


All bosons have integer spins 0, 1,2... 
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Particle Masses 





m FERMIONS" BOSONS —— 
| First Second Third | | | 
Generation Generation Generation 


| Tap qu 6 
10 99 $ 


Ww 
TE Bottom quark 
Charm quark 

10" | Tau 
E p Strange quark 
2 wu [o 
È Muon 
E Down quark 

=i 

r | 
2 Up guark 
a" 
E 
= Electron 

10” i i 

uec Lem 9 ue —.. MASSLESS 
= ^ BOSONS 
Muan- 2 
neutrino Tau: J Photon 
100 Electron- Y neutrino 
neutrino 9 Gluan 
pn R 
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Particle Masses 





Quarks and Leptons can be arranged in 3 ‘families’ or ‘generations’: 


Up Quark Charm Quark Top Quark 
~ 0.002 GeV 1.27 GeV 171 GeV 


Down Quark Strange Quark Bottom Quark 
~ 0.005 GeV ~ 0.104 GeV 


4.2 GeV 
These are relative masses not size — they have no measurable size 


Electron Muon Tau 
0.0005 GeV 0.105 GeV 1.78 GeV 7 


> O O Proton | 

l l i 0.938 GeV 
Originally thought to be 
massless but now not 








Hc 












































Tau Neutrino 
-0 


Muon Neutrino 
- 0 


Electron Neutrino 
- 0 
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Why three generations? 














CAES) UD p 
+ ` b ^e uy 


Thee Generationa 
Mb. EE a. 


The mystery of particle generations on Symmetry Magazine 








Jyothsna (CHEP) Nuclear 8 Particle Physics Course August 2018 Lectures 45/185 


Hadron Colliders 





A hadron collider is a broadband quark and gluon collider. 


Go_._oo 
© Y 





Hadron: 


In particle physics, a hadron is a composite particle made of quarks 
held together by the strong force. Hadrons are categorized into two 
families: 


e baryons, such as protons and neutrons, made of three quarks and 
e mesons, such as pions, made of one quark and one antiquark. 
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Baryons consist of 3 quarks (Antibaryons 3 antiquarks) proton 
e.g. proton uud (antiproton uud) 
neutron udd (antineutron udd) — |?^e +(-Ye) *(-^e) = O 


pion 





Mesons (antimesons) consist of a quark and an antiquark 


eg. pionz' ud (antipion Ud) 
neutral pion x? uu or dd "^e + (75e) = O 
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Common Hadrons 





Nucleons 


Pions 


d=-⁄ d=+% 
O O 


u=+% u=-Y 





Kaons 
O O O © 


S= -1⁄3 d = +| |d = -2 S = +| |U = +7 S = ^ 
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Particle Physics - The Zoo 





e For a brief, happy, period (1930s) we had it all. The fundamental 
particles were: proton, neutron, electron (OK, photons too). 


e electrons are so-called leptons (light-weights), protons and 
neutrons are baryons (heavy-weights) 
@ However, now there are (VERY incomplete list) 
> Mesons: 


a > n^ K*, K, K9, K$, Is n, n, pP, Ô, D, Ds, J/v, B, Bs, Bc, U 


> Baryons: p,n, A++, At, A9, A^, A°, etc.,>,, 9. 
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Particle Physics - The Zoo 





All these particles explained by combinations of more fundamental 
‘quarks’, u, d, s and their anti-quarks 
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Particle Physics - Six Quarks 


The Quark Idea (bottom) 
(up, down, strange) 


(charm) 
1960 4 1970 i 1980 


1990 


—— Y TS Y YY E 


JAY TDT AMB WZ 
LV" Xe T X. Ds 


2010 E. 
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History of Universe 


Particle 
Physics 


Recreating the | Y ¿AR MN 
conditions just BELL Ne | 
after the Big | LIAE » y 

Bang 
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Large Hadron Collider 


13,8 BILLION YEARS AGO, le 
A FEW SECONDS BEFORE THE Tol All set 
CREATION OF OUR UNIVERSE n Lets fire up this 

2 MT ue — e Hadron Particle 





Study physics laws of first moments after Big Bang 
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Large Hadron Collider 


The Large Hadron Collider (LHC) 
is the worlds largest and most Fun Facts 


powerful particle accelerator. o 27km circumference, 100m 


under ground 
@ 9300 magnets, worlds largest 
fridge 
co "e e Magnets colder and beam 
| " pipes emptier than space 
@ 100,000 times hotter than the 
heart of the sun 


@ Protons at 99.9999991% of 
the speed of light 
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Particle Physics and Cosmology 


Increasing connection between Particle Physics and Cosmology — the 
more fundamental the particle, the earlier they were created during the 


early Universe (Big Bang) 


Today's particle accelerators probe further and further back in time to 
moment of Big Bang: 


Energy = Temperature 


Ex kT 





where k is Boltzmann's constant (8.6 105 eV K1) 


At LHC Accelerator energy — 14 TeV 
= 14x10* eV / 8.6 105 eV K4 = 1.6 10!7 K 
Equivalent to < 101“s after the Big Bang 
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Probing the Early Universe 








inflation probably 
happened sometime 


<—— here —— 
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Nuclear Physics 
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All the slides are available on google Drive link: 
https: //goo.gl/vepcJi 
goo.gl/vepcJi 


List of students registered on AMS is available at 
google's spreadsheet link: 
https://goo.gl/pm/Xaa 
goo.gl/pm7Xaa 
Please provide your e-mail ID and 8 or 10 point 
system 
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Nuclei 





The atomic number. The atomic number Z gives the number of protons in 
the nucleus. The charge of the nucleus is, therefore, Q = Ze, the elementary 
charge being e = 1.6-10719 C. In a neutral atom, there are Z electrons, which 


balance the charge of the nucleus, in the electron cloud. The atomic number | 
of a given nucleus determines its chemical properties. Š | 


Isotopes 
(constant Z) A 
f 


The mass number. In addition to the Z protons, N neutrons are found in 
the nucleus. The mass number A gives the number of nucleons in the nucleus, ON, TW 
where A = Z +N. Different combinations of Z and N (or Z and A) are called GNE MOS — Um di 
nuclides. | | 


* * n EN Isobars 
— Nuclides with the same mass number A are called isobars. | >. (constant A) 


— Nuclides with the same atomic number Z are called isotopes. l : Z 
— Nuclides with the same neutron number N are called ¿sotones. 








A nucleus is described by the number of protons, Z, and the number of neutrons, N. 


The total number of protons and neutrons (collectively called nucleons) is denoted by 
the atomic mass number A which is by definition Z + N. 


Typically a element X is represented as: ^X or AX or ¿Xp 
Ex: Hydrogen 1H or 'H or ¡Ho 
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schematic of Istotopes of Hydrogen 


1 2 3 


,H ,H ,H 


Protium Deuterium Tritium 
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Abundances of the elements 





o Why are we interested in the abundances of the elements? 
> Constitution of (baryonic) matter, quantities of stable 
elements/isotopes 

e Formation of the solar system 
> Composition of the solar system, planetary compositions 

@ Origin of the elements 
— Abundance distributions are critical tests for nucleosynthesis 
models 
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Nucleosynthesis 





e Nucleosynthesis is the process that creates new atomic nuclei 
from pre-existing nucleons (via nuclear fusion), primarily protons 
and neutrons. 

e The Sun works by combining protons into heavier nuclei, so giving 
out fusion energy. In fact, almost all nuclei heavier than helium 
were made in stars. 

e We have to understand why the Sun is powered by hydrogen in 
the first place. 
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Big Bang Nucleosynthesis - 1 


In the very early Universe, specifically within the first 4 minutes after the Big Bang, matter was 
too hot to form nuclei; the collisions were just too energetic for any nuclear binding to survive. 
The matter was all separate particles, namely electrons, neutrinos, protons and neutrons; the 
latter have a lifetime of around 15 minutes and so had not decayed significantly yet. There were 
also a lot of photons up to high energies. However, as the Universe expanded and hence cooled, 
it reached a temperature of around 10% K which corresponds to 0.1 MeV, when larger nuclei 
could form with a good probability of survival. 
The first reaction which could occur was 


p+n=od+y 


which has Q = 2.2 MeV. This low value indicates the deuteron is not strongly bound and it is 
the ease of disintegrating this initial bound state which prevented nuclei from forming earlier. 
However, after 4 minutes, enough of the deuterons can live for a significant time that further 
reactions with the nucleons can occur 


p+d— 3He-4, n+d> jH+y 


followed by 
p+ JH 5He +7, n+ 3He— ¿He+ y 


The helium nuclei are strongly bound and so are not easily knocked apart again; hence, once 
past the deuteron bottleneck, these reactions proceed quickly and give mainly helium. 
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Big Bang Nucleosynthesis - 2 


However, to get further fusion after 3He is hard. There are no A = 5 nuclei so protons and 
neutrons could not fuse with the ¿He. Also, the density of the other nuclei was too low for many 
of the deuterons, tritium or ¿He to react. Even if reactions such as 


d+ $He— ity, t+ ÎHe— ity 
occured, the lithium can be easily destroyed by 
n+ 9Lì— 3He-cFf, p+ iLi2x ¿He 


The probability of three ¿He reacting together to form !2C, the next nucleus more strongly 
bound than helium, is negligible also. Hence most of the nuclear matter in the Universe was 
still single nucleons, with some helium in addition. 
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Big Bang Nucleosynthesis - 3 


After about 30 minutes, the temperature had dropped by around a factor of three and most 
of the neutrons has decayed. The latter shut off the deuteron creation reaction and the lower 
temperature made the other fusions much less likely due to the Coulomb barrier. Hence, the 


nuclei were “frozen” after 30 minutes and remained in that state for millions of years until stars 
formed. The composition of the Universe during this time was (by mass) 76% protons, 24% 
helium and traces of deuterons, ¿He and ZLi, as all the other species, including the neutrons and 
tritium, had decayed. 

Even since their creation, the stars have only fused a small percentage of the matter in the 
Universe so the overall composition of the Universe today is close to how it was 30 minutes after 
the Big Bang. 
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Adundance: Solar System 


—-—— -— 
© = N 


Abundance of Si 
is normalized to 10% 


Log,)(Abundance) 
one om NW RR HDA A eo 





Z, Atomic number 


General Trend: alternation of abundance in elements for even and odd Z & 
adundance decreases as Z increases 

According to current thinking, the synthesis of the presently existing deuterium and 
helium from hydrogen fusion mainly took place at the beginning of the universe 
(minutes after the big bang). Nuclei up to °° Fe, the most stable nucleus, were 
produced by nuclear fusion in stars. Nuclei heavier than this last were created in the 
explosion of very heavy stars (Supernovae) 
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Adundance: Earth crystal elements 





Rock-forming elements 


Major industrial metals in red 
Precious metals in purple ; : 
Rare-earth elements in blue Rarest "metals 





0 10 20 30 40 50 60 TO 80 90 
Atomic number, Z 


Abundance, atoms of element per 10? atoms of Si 
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Sun € Earth 





From Big Bang Nucleosynthesis (BBN) (covered), Stellar 
Nucleosynthesis (not covered) & formation of Heavy Nuclei (not 
covered) the conclusion is that: 


Spectroscopy of the Sun shows it contains small amounts of carbon, oxygen and higher 
nuclei, which could not have been manufactured by the Sun itself, given its temperature. In 
addition, the Earth contains both thorium and uranium heavy nuclei which have A > 209. 
The only conclusion is that the Earth (and also the Sun) must be the product of the remnants 
of a supernova which exploded many billions of years ago. All the matter we see on Earth, 
including ourselves, was formed in the centre of at least one star before our Sun even existed. 
This material was blasted out into space when the star exploded at the end of its lifetime. We 
owe our existance to the recycling of matter through the stars. 
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Rare Earth Minerals — 30 
Goldschmidt & Thomassen, 1924 


Odd-Even distribution of the elements 
as a function of atomic number is also 
seen for heavy elements 








Sun's Atmosphere Russell 1929 © 










as of 20078 |©? 

Good example: rare earth elements 40 

(REE) ae 
Similar geochemical behavior MIC IDE eh 

~ 80 


Shales (sedimentary rocks) 
Minami, June 1935 


Odd-even abundance effect not 
(completely) erased during re- 
distribution of REE among minerals in 
rocks 


60 
40 


20 


Meteoritic Stones |. Noddack, Nov. 1935 e -30 
Cl-chondrites as of 2003 T 





Figure updated from Goldschmidt 1937 flu MEDI Um ru 
Normalized to Y= 100 atoms (Y not shown) rael A | | 
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Elemental abundances Separate for even and odd-numbered elements 
as function of atomic 


number (= proton 
number=Z) show “peaks” 
e.g., O (N), Fe (Ni), Ba 
(1), Os (Ir) 


even-numbered 


elements only 
Sn-Ba 
Do not follow electron 
shell stabilities 
(noble gases are not the most 
abundant heavy elements) 








1011 tei TT. TT | TL TT] TT 4]. ep yd TT TO]. Y T TT T 


290 naturally occurring 
stable (266) and long- 
lived nuclides (14) 


odd-numbered 
elements only 


I-Cs Ir 


solar system abundance by number, Si = 10° atoms 


Nuclides belonging to th LM 
uclides belonging to the B e 

same element (same Solana >. 
proton number Z) are 0 10 20 30 40 50 60 70 80 90 


isotopes atomic number, Z 
“ISOS + topos” = in the same 
place in the periodic table 





Look at nuclide distributions to decipher 
what controls elemental abundances 
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Magic Numbers 





Abundances of the nuclides versus mass numbers 























1011 
1 
H 

Abundances peak at mass 1010 È TN dine sip 
numbers for closed proton m3 O97 
and neutron shells rn ee $& Bq 195 
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160 Z-N-8 S 
46a Z=N=20 SM E | 
© 40! * 208pp 

100 

107 NS 
266 stable nuclei 10? P 
Z even, N even: 159 nuclides 103 
Z even, N odd: 53 nuclides 0 20 40 60 80 100 120 140 160 180 200 220 240 


i ber, A 
Z odd, N even: 50 nuclides mass number 


Z odd, N odd: 4 nuclides (2H, 9Li, 10B, 14N) 
Lower number of odd-Z numbered isotopes 
lower abundances of odd-Z numbered elements 
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Properties of Nuclei 





Static Properties 
@ Electric charge 
e Radius 
o Mass 
Binding energy 
Angular momentum 
Parity 
Magnetic dipole moment 
Electric quadrupole moment 


o 
o 
O 
o 
o 
e Energies of excited states 





Dynamic Properties 
e Decay and reaction probabilities 
e scattering cross sections 
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Radius of nucleus 





The nuclear radius (R) is considered to be one of the basic quantities 
that any nuclear model must predict. 

For stable nuclei the nuclear radius is roughly proportional to the cube 
root of the mass number (A) of the nucleus, and particularly in nuclei 
containing many nucleons, as they arrange in more spherical 
configurations. 


The stable nucleus has approximately a constant density and therefore 
the nuclear radius R can be approximated by the following formula: 

R = RA!” 

where Ro = 1.2fm, experimentally determined constant. 





The nuclear force has a very short range ~ 1 fm, which is only the size 
of a nucleon radius. lt also saturates, i.e. becomes very large and 
repulsive for short distances. This means that in a nucleus with many 
nucleons, they will not all crowd together at the origin but will spread 
out to occupy a finite volume each, liked packed spheres. 
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Binding Energy 





The binding energy of a system gives information about its binding and stability. This 
energy is the difference between the mass of a system and the sum of the masses of 
its constituents. 

For nuclei this difference is close to 196 of the nuclear mass. This phenomenon, 
historically called the mass defect, was one of the first experimental proofs of the 
massenergy relation E — mc*. The mass defect is of fundamental importance in the 
study of strongly interacting bound systems. 

For stable nuclei, Binding Energy is > 0 


The binding energy B is usually determined from atomic masses [AM93], 
since they can be measured to a considerably higher precision than nuclear 
masses. We have: 










B(Z, A) = |ZM(!H) + (A - Z)M, - M(A, Z)] œ. (2.2) 


Here, M(!H) = Mp + me is the mass of the hydrogen atom (the 13.6 eV 
binding energy of the H-atom is negligible), M,, is the mass of the neutron 
and M(A, Z) is the mass of an atom with Z clectrons whose nucleus contains 
A nucleons. The rest masses of these particles are: 


M, = 938.272 MeV/c? = 1836.149 me 
M, = 939.566 MeV/c? = 1838.679 m, 
0.511 MeV/c’. 
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Liquid drop model or Semi-empirical mass formula 


The terms in the semi-empirical mass formula, which can be used to 
approximate the binding energy of many nuclei, are considered as the 
sum of five types of energies. Then the picture of a nucleus as a drop 
of incompressible liquid roughly accounts for the observed variation of 
binding energy of the nucleus: 


Pr te, 
Q 
CO CON O MS “358 oos 


Volume Surface o, 9 208 



















@ Volume energy: When an assembly of nucleons of the same size 
is packed together into the smallest volume, each interior nucleon 
has a certain number of other nucleons in contact with it. So, this 
nuclear energy is proportional to the volume. 
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e Surface energy: A nucleon at the surface of a nucleus interacts 
with fewer other nucleons than one in the interior of the nucleus 
and hence its binding energy is less. This surface energy term 
takes that into account and is therefore negative and is 
proportional to the surface area. 

@ Coulomb Energy: The electric repulsion between each pair of 
protons in a nucleus contributes toward decreasing its binding 
energy. 

o Asymmetry energy (also called Pauli Energy): An energy 
associated with the Pauli exclusion principle. Were it not for the 
Coulomb energy, the most stable form of nuclear matter would 
have the same number of neutrons as protons, since unequal 
numbers of neutrons and protons imply filling higher energy levels 
for one type of particle, while leaving lower energy levels vacant 
for the other type. 

e Pairing energy: An energy which is a correction term that arises 
from the tendency of proton pairs and neutron pairs to occur. An 
even number of particles is more stable than an odd number. 
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Volume and Surface terms 





e The volume of the nucleus would be expected to increase linearly 


with the number of nucleons, so V « A = N + Z. Since 

V = 4n R9/3, the nuclear radius R should go as R œ A1/9,. The 
second consequence is that binding energy for each nucleon 
would be expected to be constant. This is because each nucleon 
only binds to its nearest neighbours, so the contribution to the 
binding energy from each is a fixed value. Hence, we would 
expect Bg c A, which is again found to be roughly true; the 
binding energy for heavy nuclei is found to be roughly 8 MeV per 
nucleon. 

For the nucleons on the surface of the nucleus have as many 
nearest neighbour bonds as the ones well within the nuclear 
volume as there are no nearest neighbours outside the nucleus. 
The correction to the binding energy proportional to the sphere 
surface area 4r R? 
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Coulomb term 





e There is an EM repulsive force between protons due to their 
charge and so this will reduce the binding energy for nucleons 
with several protons. As we believe the nuclear force itself is 
independent of nucleon type, then the protons will on average be 
spread evenly throughout the nucleus, which means the charge 
density is uniform. 

J e z Z^ 


ABg = == ————5 = —Qe —— 
B 5 47eoro A1/3 ý A1/3 


The above equation says even one proton, i.e. Z — 1, gives a 
correction to the binding energy, even though there is nothing to 
repel it. Correction of Z(Z — 1) is added. 
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Asymmetry term 





e As long as mass numbers are small, nuclei tend to have the same 
number of protons and neutrons. Heavier nuclei accumulate more 
and more neutrons, to partly compensate for the increasing 
Coulomb repulsion by increasing the nuclear force. This creates 
an asymmetry in the number of neutrons and protons. The 
dependence of the nuclear force on the surplus of neutrons is 
described by the asymmetry term (N — Z)?/A 


— Be = aA - asA?3 — ao Z(Z — 1)/A? — ag(N-Z)*/A 
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@ Even-even, meaning an even number of both protons and 
neutrons, and hence even A. This has both pairs strongly bound. 


@ Odd-odd, meaning an odd number of both protons and neutrons, 
and hence also even A. This is the least strongly bound. 


@ Even-odd, meaning an even number of one type and an odd 
number of the other, and hence odd A. This has one strongly 
bound pair and so should be half way in between the previous two. 


Pairing term: ap/A'/* 

ap takes positive value for even-even nuclei 
negative for odd-odd nuclei and 

zero for even-odd ones 
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Binding Energy: Semi-empirical Mass formula 


ZZ-1)  (N-zy 1 


Br = yA —- a, A?/3 = Ae Ala, = da y + oP Ate 


and this is the semi-empirical mass formula. The best-fit parameters take values 
15.8 MeV, as = 18.3 MeV, a, = 0.71 MeV, a4 = 23.2 MeV and ay = +11.2 MeV. 
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Binding Energy: Contributions from various terms 





The different contributions to the 
> binding energy per nucleon versus 
> mass number A. The horizontal 
y Surface SSN : 
X line at = 16 MeV represents the 
S Coulomb energy contribution of the volume energy. 

10-Z SOS This is reduced by the surface 

Asymmetry energy energy, the asymmetry energy and 
Total binding energy the Coulomb energy to the 
effective binding energy of = 8 
MeV (lower line). 


Volume energy 






0 50 100 150 200 250 
A 
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Binding Energy per Nucleon 





B/A [MeV] 
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0 10 20 30 
Mass number A 


50 100 150 200 250 
Mass number A 


Binding energy per nucleon of 
nuclei with even mass number A. 
The solid line corresponds to the 
Weizsacker mass formula. Nuclei 
with a small number of nucleons 
display relatively large deviations 
from the general trend, and should 
be considered on an individual 
basis. For heavy nuclei deviations 
in the form of a somewhat stronger 
binding per nucleon are also 
observed for certain proton and 
neutron numbers (Magic 
Numbers). 
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Nuclear Stability or 8- Stability curve 





The semi-empirical mass formula is a function of two variables, as 
A = N + Z. lt gives the binding energy of the ground state of any 
nucleus, i.e. any values of Z and N. 


2 
Be = aA — a 2/9 — a. ED — a. LE — map 
We have not observed nuclei with most of the combinations of Z and N 
which might be thought possible in the whole of the Z, N plane 
because the majority of them are highly unstable. The binding energy 
is largest in a specific region of the Z, N plane which is called the 
beta-stability valley (“valley” as the mass is at a minimum). 
It is easiest to analyse the binding energy along lines of constant A 
and we will look at it as a function of Z. Putting N = A — Z, then 


E 4a, 
+ daa) Z + (7455 - 7 Az 


= 2/3 
Be= (a aa -oA + ha) + (Gis A3 A 


A1/3 
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Odd A 





There is a particular value of Z for 
which the binding energy is 
maximum, but away from this 
value, the binding energy falls and 
3 eventually goes negative at which 
Ld point the nucleus is no longer 
bound. 
Even within the region of positive 
binding energy, the non-maximum 
fo, Values of Z are not necessarily 
y x stable; as we will see, beta decay 
allows them to change protons to 
neutrons and vice versa, and so 
move along the curve to the 


maximum value. 
Hence, we only see the reasonably long-lived nuclei which are at or 


near the maximum. 
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For even A, then as Z changes by 
B. one, then Z (and N, given that A is 
pres fixed and even) goes from even to 

Dc odd or vice versa. 

This means the pairing term 
changes sign. Hence, this shifts 
the quadratic curve up and down 
by +ap/A?/* for the alternating 
even and odd Z values. 
However, the same stability arguments still hold; only nuclei near the 
peak live long enough to be seen. 
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EN 2/3 Ap Ue Ue 4a 2 
By = (aA — a, AP! - OA + Fhe) (ns + daa) 2+ (s - xz 


The two terms driving BE as a function of Z are the Coulomb and 
asymmetry terms; only ac and aa appear in the Z and Z? terms. 

If ac — 0, then clearly N — Z = A/2 gives the maximum binding energy 
as the nuclei like to have equal numbers of levels filled. 

Conversely, if ag = 0, then Z = O or 1 to minimise the Coloumb term 
and hence maximise the binding energy by limiting the amount of 
Coulomb repulsion. 

—> We would generally expect that Z would be somewhat less than 
A/2 and N would be more than A /2. 

The relative size of these two terms is not the same for all A. The 
asymmetry term falls of as 1/A while the Coulomb terms falls of only 
as 1/A!/? — the latter becomes more important as A increases. 
Conversely, for small A, particularly as ac « 0.7MeV « ag = 23.2MeV, 
the Coulomb term has little effect 

=> we expect Z « A/2 for small A but Z « A/2 for large A. 
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B- Stability curve 





Jyothsna (CHEP) 





The actual stable and observed 
nuclei which form the beta-stability 
valley. 

The line of the most stable nuclei is 
call the beta-stability curve. 

Note, there can be several stable 
nuclei for a given A. 

Nuclei lying on the beta-stability 
curve are often studied. 
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Magic numbers and Mirror nuclel 


Magic numbers 


Particular values of Z and N for which the nuclei had a higher binding 
energy than would be expected. These strongly bound states occur 
when Z or N have one of a set of so-called “magic numbers”: 











2, 8, 20, 28, 50, 82, 126 


Some nuclei have both Z and N at magic numbers, are called 
doubly-magic and are correspondingly even more strongly bound. 


Mirror nuclei 

Mirror nuclei are pairs of isobars (same A), in which the proton number 
of one of the nuclides equals the neutron number of the other and vice 
versa. 
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Shell Model 


The semi-empirical mass formula does a good job of describing trends 
but not the non-smooth behaviour of the binding energy. For this, we 
need to go to a very different model of the nucleus, which is based on 
quantum energy levels. 

The existence of these magic numbers can be explained in terms of 
shell model. 

The existence of these discrete energy levels for the nucleons in the 
nucleus is reminiscent of the atomic electron cloud. The electrons 
move in the atom in a central Coulombic potential emanating from the 
atomic nucleus. In the nucleon, on the other hand, the nucleons move 
inside a (mean field) potential produced by the other nucleons. In both 
cases discrete energy levels arise which are filled up according to the 
dictates of the Pauli principle. 

For this we need first to introduce a suitable global nuclear potential. 
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Nuclear Potential 





The short range of nuclear force means a nucleon is bound to all its nearest 
neighbours by an equal contribution to the binding energy for each nucleon. 
Inside the nucleus, the number of nearest neighbours is equal in all directions 
so the net force on any nucleon is in fact zero. Thus the effective potential is 
constant within the nucleus and the constant value must be negative to keep 


the nucleon bound. 


p E Lo ON 





le ooo 





Outside the nucleus, more than a few fermis away, 
the short range nuclear force will have died off, so 
again there will be no force and hence a constant 

effective potential, which we can take as zero. 


. The nucleons near the surface have only nearest 


neighbour forces into the nucleus as they are 
missing the nearest neighbours outside. Hence, 
they do have a net inwards force and so a rising 
potential as the radius increases. This change to 
the potential takes place over a distance of order 
the nuclear force, so around 1 fm 
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Saxon-Woods potential 





V(r) 








This is called the Saxon-Woods potential and is often mathematically expressed as 


7 Vo 
1 + elr—a)/d 


V(r) = 


where a is the radius of the nucleus, = RoA'/? and d = 1fm 
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To get a feel for the results of the nuclear potential, Saxon-Woods 
potential we can look at some simpler cases, such as an infinite 
square well or a simple harmonic oscillator. 


V(r) V(r) 














Woods-Saxon nuclear potential can also be written as: 


V centre (r) — 
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Nuclear Energy Levels 





Eigenstates of the nuclear potential. The wave function of the particles 
in the nuclear potential can divided into two parts: a radial one Rp(r), 
which only depends upon the radius, and a part Y7" (0, p) which only depends 
upon the orientation (this division is possible for all spherically symmetric 
potentials; e.g., atoms or quarkonium). The spectroscopic nomenclature for 
quarkonium is also employed for the quantum numbers here (see p. 174): 


n = 1,2,3,4,- number of nodes + 1 


nl with l €=s,p,d,f,g,h,--- orbital angular momentum. 


The energy is independent of the m quantum number, which can assume 
any integer value between +f. Since nucleons also have two possible spin 
directions, this means that the n£ levels are in fact 2: (244-1) times degenerate. 








Farm. osc. = (N + 3/2) ho = (Nz + Ny + Nz +3/2) - hw 
where N is related to n and £ by 


N — 2(n — 1) 4. 
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Nuclear Energy Levels 





The first three magic numbers (2, 8 and 20) can then be understood as 
nucleon numbers for full shells: 


N 0 1 2 2 3 3 4 4 4 

nl ls Ip ld 2s 1f 2p lg 2d 3s 
Degeneracy 2 6 10 2 14 6 18 10 2 
States with E < Ene | 2 8 18 20 34 40 58 68 70 





This simple model does not work for the higher magic numbers. For 
them it is necessary to include spin-orbit coupling effects which further 
split the n/ shells. 
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Nuclear Energy Levels 





These levels can be calculated more easily and look like the ones on 
next slide. 

Each state has 2/ + 1 values of /; and due to the nucleon spin, each 
can take two protons (and also two neutrons) in the two s, states. 
Hence, the number of protons (or neutrons) in an | state is 2(2l + 1) = 
4| - 2 

the first magic number of 2 corresponds to filling the first state in both 
cases. The next magic number is 8, which is the total number of 
nucleons which fills the first two states, again in either case. 

The other numbers given by completing the levels are shown in the 
diagrams above. They both give 20 but then start to disagree with the 
measured values for the magic numbers. Hence, we can reproduce 
the first few but not the higher values. 
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Nuclear Energy Levels 





E 168 — = = — aes 
= 166 


A 156 3p 2f 1h 
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(£s) 


V(r) ES Venter) + Ves (r) UB . (17.25) 
The combination of the orbital angular momentum £ and the nucleon spin s 
leads to a total angular momenta jh = (hd: h/2 and hence to the expectation 


values 


ee eer ase) | Mi IAEE (728) 


h? 2 L+ 1)/2 for j = £ — 1/2. 
This leads to an energy splitting AE¿, which linearly increases with the 
angular momentum as 


AE, === vr). (17.27) 


It is found experimentally that Vp, is negative, which means that the 7 = 
l + 1/2 is always below the j = £ — 1/2 level, in contrast to the atomic case, 
where the opposite occurs. 

Usually the total angular momentum quantum number j = £ 1/2 of the 
nucleon is denoted by an extra index. So, for example, the 1f state is split 
into a 1f7/2 and a 1f5/2 state. The n£; level is (27 + 1) times degenerate. 
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Spin-Orbit Coupling 
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Spin-Orbit Coupling: Expectation values 





j-l-s 
so squaring gives 
7 =f 42° 4-91 


Rearranging, then 


l.s = : i? _ — s| 


In terms of eigenvalues, this is 


h? 
(Ls) = E [jG 1) - L4 1) — s(5 +1) 


showing that this term does indeed depend on the value of j. Since j = l 1/2, then for l+ 1/2, 
this gives 


(Ls) — a +41/20+3/)-1(1+D=s(s+0]= E [P + 2143/41? -1-3/4] = iE 


while for | — 1/2, it gives 


n? n? n? 
(Ls) = > [U— 1/2)0 1/2) - 10-1) - s(s +1) = > |? -1/4-P -1-3/4| = +1) 
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The effect of applying this splitting to the Saxon-Woods potential is 
shown below: 
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Mirror Nuclel 





e !*N and '°O nuclei are so-called mirror nuclei, i.e., the neutron 
number of the one is equal to the proton number of the other and 
vice versa. Their spectra are exceedingly similar in terms of where 
the levels are. 


e The small differences in the spectra can be understood as 
electromagnetic effects. While the energy levels of '9O do not 
resemble those of its neighbours, the 170 and '’F nuclei are, 
once again, mirror nuclei and have very similar excitation spectra. 
It is striking that the nuclei with mass numbers 15 and 16 require 
much more energy to reach their first excited states than do those 
with mass number 17. 


@ These spectra can be understood inside the shell model. The 180 
nucleus possesses 8 protons and 8 neutrons. In the ground state 
the 1951/2, 1p3;2 and 1pyy2 proton and neutron shells are fully 
occupied and the next highest shells, 1d5/2, are empty. 
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Mirror Nuclel 
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Radioactivity 





Natural radioactive decays is when a nucleus lose energy by emitting 
radiation. This happens when the nucleus can change to a more stable 
nucleus (higher binding energy per nucleon) by sending out the 
radiation. So a nucleus will decay if there is a set of particles with lower 
total mass that can be reached by any radioactive decay process. 


a — radiation 


Number of a 


kinetic energy of a 


This radiation has constant 
energy values. 
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. . 
p — radiation 
number of betas 4 
with this energy 


100 + There are 100 betas emitted 
' with an energy of 2 MeV 





' = > 
2Mev kinetic energy 


kinetic energy of B 


This radiation has not constant 
energy values because the kinetic 
energy is shared between the p 
and the v. 
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y- radiation 
Number of y 


kinetic energy of y 


This radiation has constant 
energy values. 
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Decay constants. The probability per unit time for a radioactive nucleus 
to decay is known as the decay constant A. It is related to the lifetime r and 
the half life t1 2 by: 
1 ln 2 
T= ` and 04/2 = A . (3.2) 
The measurement of the decay constants of radioactive nuclei is based 
upon finding the activity (the number of decays per unit time): 


dN 
-— = AN 3.3 


where N is the number of radioactive nuclei in the sample. The unit of activity 
is defined to be 


1 Bq [Becquerel] = 1 decay /s. (3.4) 


For short-lived nuclides, the fall-off over time of the activity: 
A(t) = AN(t) = ANoe ^* where No=N(t=0) (3.5) 


may be measured using fast electronic counters. This method of measuring 
is not suitable for lifetimes larger than about a year. For longer-lived nuclei 
both the number of nuclei in the sample and the activity must be measured 
in order to obtain the decay constant from (3.3). 
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We now know that the gamma 
particle observed in radiation is simply 
a high energy photon, so y decays are 
EM decays. 

y decay cannot change the nucleus 


values of Z or N through these decays. 


Hence, there is a very limited type of 
decay possible, specifically from an 
excited state to a ground state of the 
same nucleus. This is therefore the 
nuclear equivalent of atomic emission 
of light, but at much higher energies. 
In the same way, the energy 
differences between levels can be 
deduced from the energy spectrum of 
the photons seen. 


208.3 





o 

mi 

~ 321.3 0.67 
0.10 
0.50 

132Hf105 E (keV) t1/2 (ns) 
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208.3 


9/2* 5 
om 


71.6 


321.3 


0.67 


0.10 


Counts per channel 


0.50 
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177 Channel number 
I" 72Hf105 E (keV)  t1/2 (ns) 


Being an electromagnetic decay, the de-excitations tend to happen 
reasonably fast, as long as there is not too big a change of angular 
momentum between the initial and final state. For photons of order 
1 MeV between similar states, lifetimes tend to be around 10^ 8s, 


while for large changes in angular momentum Ad = 4or5, this can 
increase to 103s. 
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P decay: History 





An outstanding puzzle was related to the 
p-decay process. The continuous energy 
distribution of beta decay electrons was a 
confusing experimental result in the 1920s. 
The energy distribution extends from zero to 
an upper limit (the endpoint energy) which is 
equal to the energy difference between the 


quantized initial and final nuclear states. 
This puzzle was solved by Pauli who suggested the existence of a 


new, very light uncharged and penetrating particle, the neutrino. In 
1930 this was a revolutionary step. The neutrino carries the missing 
energy, Conservation of electric charge requires the neutrino to be 
electrically neutral and angular momentum conservation and spin 
Statistics considerations in the decay process require the neutrino to 
behave like a fermion of spin 1/2. 


p decay :n=p+€ 4+Ve 





Relative No. of Beta Particles 


j 0.06 0.08 0.1 
Kinetic Energy (keV) 
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p decay: Odd A 





8-decay in odd mass nuclei. In what follows we wish to discuss the 
different kinds of 6-decay, using the example of the A = 101 isobars. For 
this mass number, the parabola minimum is at the isobar !!! Ru which has 
Z = 44. Isobars with more neutrons, such as !!3Mo and !94Tc, decay through 
the conversion: 


n pte +0. (9.1) 


The charge number of the daughter nucleus is one unit larger than that of 
the the parent nucleus (Fig. 3.2). An electron and an e-antineutrino are also 
produced: 


101 101 SS ee 
yoMo — “yaTc+e cv, 


101 101 — — 
43 lC => 44RUu + e + Ve. 
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Historically such decays where a negative electron is emitted are called 5” - 
decays. Energetically, 9^ -decay is possible whenever the mass of the daughter 
atom M(A, Z + 1) is smaller than the mass of its isobaric neighbour: 


M(A,Z) > M(A,Z +1). (3.8) 


We consider here the mass of the whole atom and not just that of the nucleus 
alone and so the rest mass of the electron created in the decay is automatically 
taken into account. The tiny mass of the (anti-)neutrino (< 15eV/c^) [PD98] 
is negligible in the mass balance. 
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Isobars with a proton excess, compared to * Ru, decay through proton 
conversion: 
p>n+e? +r. (3.9) 


The stable isobar ! Ru is eventually produced via 


MEPd— Rite" +0, and 
"ahh es Rue Ed. 


Such decays are called @*-decays. Since the mass of a free neutron is larger 
than the proton mass, the process (3.9) is only possible inside a nucleus. 
By contrast, neutrons outside nuclei can and do decay (3.7). Energetically, 
B*-decay is possible whenever the following relationship between the masses 
M(A, Z) and M(A, Z — 1) (of the parent and daughter atoms respectively) 


is satisfied: 
M(A, Z) > M(A,Z—-1) -2m,. (3.10) 


This relationship takes into account the creation of a positron and the exis- 
tence of an excess electron in the parent atom. 
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B decay: Odd A = 101 Isobars 


M [MeV/c?] 
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Fig. 3.2. Mass parabola of 
the A = 101 isobars (from 
[Se77]). Possible P-decays are 
shown by arrows. The abscissa 
co-ordinate is the atomic num- 
ber, Z. The zero point of the 
mass scale was chosen arbitrar- 


ily. 
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f decay: Generic Odd A 





Nucleus 
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Odd A 
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B decay: Even A 





BG-decay in even nuclei. Even mass number isobars form, as we described 
above, two separate (one for even-even and one for odd-odd nuclei) parabolas 
which are split by an amount equal to twice the pairing energy. 

Often there is more than one (-stable isobar, especially in the range A > 
70. Let us consider the example of the nuclides with A = 106 (Fig. 3.3). The 
even-even 198Pd and !99 Cd isobars are on the lower parabola, and 190Pd is the 
stablest. !PCd is G-stable, since its two odd-odd neighbours both lie above 
it. The conversion of !99Cd is thus only possible through a double B-decay 
into 196pd: 

Ud — “Pd Eder dy. 


The probability for such a process is so small that *$£Cd may be considered 
to be a stable nuclide. 
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Odd-odd nuclei always have at least one more strongly bound, even-even 





neighbour nucleus in the isobaric spectrum. They are therefore unstable. The 





only exceptions to this rule are the very light nuclei 7H, $Li, '2B and !2N, 
which are stable to @-decay, since the increase in the asymmetry energy would 
exceed the decrease in pairing energy. Some odd-odd nuclei can undergo both 
B7-decay and 3*-decay. Well-known examples of this are 19K (Fig. 3.4) and 
dy CU. 
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PB decay: Even A = 106 Isobars 
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Fig. 3.3. Mass parabolas of 
the A = 106-isobars (from 
[Se77]). Possible G-decays are 
indicated by arrows. ‘The ab- 
scissa coordinate is the charge 
number Z. The zero point of 
the mass scale was chosen ar- 
bitrarily. 
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f decay: Generic Even A 
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Electron capture 





Electron capture. Another possible decay process is the capture of an 
electron from the cloud surrounding the atom. There is a finite probability 
of finding such an electron inside the nucleus. In such circumstances it can 
combine with a proton to form a neutron and a neutrino in the following way: 


pte >n+v. (3.11) 


This reaction occurs mainly in heavy nuclei where the nuclear radii are larger 
and the electronic orbits are more compact. Usually the electrons that are 
captured are from the innermost (the “K”) shell since such K-electrons are 
closest to the nucleus and their radial wave function has a maximum at 
the centre of the nucleus. Since an electron is missing from the K-shell after 
such a K-capture, electrons from higher energy levels will successively cascade 
downwards and in so doing they emit characteristic X-rays. 
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Electron capture 





Electron capture reactions compete with 3*-decay. The following condi- 
tion is a consequence of energy conservation 


M(A,Z) > M(A,Z—1) te, (3.12) 





where e is the excitation energy of the atomic shell of the daughter nucleus 
(electron capture always leads to a hole in the electron shell). This process 
has, compared to 8*-decay, more kinetic energy (2mec? — e more) available 
to it and so there are some cases where the mass difference between the initial 
and final atoms is too small for conversion to proceed via 3*-decay and yet 
K-capture can take place. 
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Electron capture 








Lifetimes. The lifetimes 7 of G-unstable nuclei vary between a few ms and 
1018 years. They strongly depend upon both the energy E which is released 
(1/7 x E?) and upon the nuclear properties of the mother and daughter 
nuclei. The decay of a free neutron into a proton, an electron and an antineu- 
trino releases 0.78 MeV and this particle has a lifetime of 7 = 886.7 +1.9s 
[PD98]. No two neighbouring isobars are known to be 6-stable.! 

A well-known example of a long-lived S-emitter is the nuclide *°K. It 
transforms into other isobars by both 37 - and 8 *-decay. Electron capture in 
20K also competes here with 8*-decay. The stable daughter nuclei are Ar 
and Ca respectively, which is a case of two stable nuclei having the same 
mass number A (Fig. 3.4). 
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os EC tp=1.2710a 
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Fig. 3.4. The 8-decay of *°K. In this nuclear conversion, 87 - and 3" -decay as well 
as electron capture (EC) compete with each other. The relative freguency of these 
decays is given in parentheses. The bent arrow in 8*-decay indicates that the pro- 
duction of an e* and the presence of the surplus electron in the “Ar atom requires 
1.022 MeV, and the remainder is carried off as kinetic energy by the positron and 
the neutrino. The excited state of Ar produced in the electron capture reaction 
decays by photon emission into its ground state. 
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Neutrino mass 





Note, electron capture is a two-body final state so > 
the neutrino (and nucleus) have a single fixed 
energy of emission. In the other decays, the 
electron and positron energies are not unigue. The 
spectrum goes from zero right up to the difference “% 
in mass of the initial and final nucleus, ignoring the 
neutrino mass. If, however, the neutrino has a 
non-zero mass, then the maximum energy of the 
electron or positron is more limited. A 






Tritium -decay spectrum near endpoint 


n 


Eo - 18,590 eV - Er 








E-E (e  "w=1% 
This has been used to try to measure the neutrino mass; the upper portion of 
the electron spectrum should be truncated by an amount which depends on 
the neutrino mass. The most studied beta decay for this purpose is tritium, 
which decays to helium-3, 2H 2 He + e^ + vs 

with a very small energy release of only Q — 18.6keV. The small energy 
release makes the observation of the effects of a non-zero neutrino mass 
easier to see. However, it is still a very hard experiment and while neutrino 
masses of more than « 15 eV/c? have been excluded it is very hard to rule 
out neutrino masses at the level implied by oscillations. 
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Q-value : Definition 





A A’ A" A” 
7XÁN + Zan’ — Z-Yw" + ze bye, 


Conservation of total energy, which becomes 
Tx + My. +T + Mie = Ty Mo Tht Mc. (1.70) 


with 7, the kinetic energy and M,.c the mass-energy. In the non-relativistic 
situation, the kinetic energy 7; — Ma. One defines the Q-value of a given 


reaction as 
0 = (So M^ - mie) 


= (My + M, — My — Mp) c^. (1.71) 
which can be rewritten using the kinetic energies as 


0-) T-) T 


= Ty + h- Tx — To. (1.72) 
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The Og- value for the transmutation is 


2XN > 4 Yn-1t+e + ve, (5.6) 
Qs- = Te + Th, 
= Mic? — Mic? — moc’. (5.7) 


We can convert the nuclear masses into atomic masses, using the expression 


7 
Mpc? = Mpc? + Zmoc* — 5 Bj, (5.8) 


i=l 


where the B; represents the binding energy of the ith electron. So, one obtains for 
the Qg- value the result (neglecting the very small differences in electron binding 
energy between the daughter and parent atoms) 


Qs- = Me? — Mpc’. (5.9) 


Thus, the B^ process is possible (exothermic with Qg- > O) with the emission of 
an electron and an antineutrino with positive kinetic energy whenever Mp > Mp. 
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Q-value pt 


The Og+ value for the transmutation 

ZXN >21 Yny tet + ve, (5.10) 
is 

Og = Tae + T, 


= Mpc? — Myc? — moc’. (5.11) 


Using the same method as in equation 5.8 to transform nuclear masses in atomic 
masses, one obtains the result 


Qs» = Mec? — (Mpc? + 2moc?) . (5.12) 


So, the 8* process has a threshold of 2mpc? in order for the process to proceed 
spontaneously (Qg+ > 0). 
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Q-value Electron Capture 





A process, rather similar to B*-decay by which the nuclear charge also decreases 
by one unit (Z — Z — 1), is called electron capture, can also occur. An atomic 
electron is 'captured' by a proton, thereby transforming into a bound neutron and 
emitting a neutrino. This process leaves the final atom in an excited state, since a 
vacancy has been created in one of the inner electron shells. It is denoted by 


Xan e^ —5_ Ynya + ve, (5.13) 


and has a Ogc value 
Qec = Mec? — (Mpc? + Bn) , (5.14) 


with B,, the electron binding energy of the nth electron (n =K, Ly, Li, Lin, Mi, ...) 
in the final atom. Here too, a constraint, albeit not very stringent, is present on the 
mass difference Mpc? — Mpc’. Following the electron capture process, the vacancy 
created is very quickly filled as electrons from less bound orbitals make downward 
transitions thereby emitting characteristic X-rays. These processes will be discussed 
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a decay: Introduction 





We have looked at gamma decays (due to the EM force) and beta decays (due to the weak force) 
and now will look at alpha decays, which are due to the strong/nuclear force. In contrast to 
the previous decays which do not change A, alpha decays happen by emission of some of the 
nucleons from the nucleus. Specifically, for alpha decay, an alpha particle, He, is ejected so 
generically 

4X 473 Y + He 


for some X and Y. Y clearly has a different number of nucleons to X. Compare how alpha and 
beta decays move the nuclei around in Z,N plane 


>Z 











Note that gamma decays cannot change Z, N or A. 





Jyothsna (CHEP) Nuclear & Particle Physics Course August 2018 Lectures 126/185 


238 U decay chain in the N — Z plane 
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Alpha decays reduce Z and 
N equally, specifically 
reducing them each by two 
per decay. However, the 
heavy, large A starting 
nucleus will have N » Z as 
that is what is needed to be 
near the beta-stability curve. 
Hence, a pure alpha decay 
sequence would leave a 
lower A nucleus with a 
higher and higher fraction of 
neutrons, whereas the 
beta-stability curve requires 
the fraction of neutrons to 
become lower as A is 
reduced. Hence, the beta 
decays bring the 
intermediate nuclei back 
closer to the beta- stability 
curve. 


August 2018 Lectures 


127 / 185 


a decay rates 





One obvious question is why do we see any of these sequences at all? 
This is a strong force decay and they have had around 5 billion years 
to decay. 

The answer is that some of the lifetimes for these decays are billions of 
years, despite being due to the strong force. 

The range of lifetimes for alpha decay is found to vary by over 25 
orders of magnitude and this is effectively totally determined by the Z 
value and the amount of energy release, Q. 
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This extremely strong exponential dependence on Z/4/Q can be understood by considering the 
alpha decay process in more detail. To be emitted, the alpha particle has to form outside the 


nucleus 
oo Oo 0 
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Figure 3.5 shows the potential energy of an a-particle as a function of its 
separation from the centre of the nucleus. Beyond the nuclear force range, the 
a-particle feels only the Coulomb potential Vc(r) = 2(Z — 2)ahc/r, which 
increases closer to the nucleus. Within the nuclear force range a strongly at- 
tractive nuclear potential prevails. Its strength is characterised by the depth 
of the potential well. Since we are considering a-particles which are energet- 
ically allowed to escape from the nuclear potential, the total energy of this 
a-particle is positive. This energy is released in the decay. 


V(r) 





aic 
Ga T qe Fig. 3.5. Potential energy of an a- 
particle as a function of its sepa- 
ration from the centre of the nu- 
cleus. The probability that it tun- 
nels through the Coulomb barrier 
can be calculated as the superposi- 
tion of tunnelling processes through 
thin potential walls of thickness Ar 


(cf. Fig. 3.6). 
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If the energy release Q is large, then its energy will be above the maximum of 
the potential and it can decay very fast. However, the maximum of the 
potential will be: 


2(Z — 2)e? 2Ze ——— TE 
AT €9T n Arrepro A1/3 mE Al/3 


The rate per nucleus R (equal to the inverse of the lifetime) is then expected to be 


Vinax oo MeV 





1 
R= =- = aeS 


T 


SO 
Z 
log R = log a — (2loge)G = log a Em 
The plot shows a slope of —1.7 which agrees well with most of the measured values. Hence, 
tunneling is what causes the huge variation in lifetimes; for Q values which only differ by 1 MeV, 
a difference of 10? is seen. 
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The range of lifetimes for the a-decay of heavy nuclei is extremely large. 
Experimentally, lifetimes have been measured between 10ns and 10!” years. 
These lifetimes can be calculated in quantum mechanics by treating the a- 
particle as a wave packet. The probability for the a-particle to escape from 
the nucleus is given by the probability for its penetrating the Coulomb barrier 
(the tunnel effect). If we divide the Coulomb barrier into thin potential walls 
and look at the probability of the a-particle tunnelling through one of these 
(Fig. 3.6), then the transmission 7' is given by: 


Tie mar where k=wy2m|E-—V|/h, (3.13) 


and Ar is the thickness of the barrier and V is its height. E is the energy of 
the a-particle. A Coulomb barrier can be thought of as a barrier composed of 





Fig. 3.6. Illustration of the tunnelling 
probability of a wave packet with en- 
ergy E and velocity v faced with a poten- 
V tial barrier of height V and thickness Ar. 
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a large number of thin potential walls of different heights. The transmission 
can be described accordingly by: 


d ep m (3.14) 


The Gamow factor G can be approximated by the integral [Se77]: 


1 f" “DAD — |: 
a-k] a oa eae) (3.15) 
h Jn B 
where 3 = v/c is the velocity of the outgoing a-particle and R is the nuclear 
radius. 

The probability per unit time A for an a-particle to escape from the 
nucleus is therefore proportional to: the probability w(a) of finding such an 
a-particle in the nucleus, the number of collisions (c vo/2R) of the a-particle 
with the barrier and the transmission probability: 

Ue 
A — 3.16 
w(o) 2070, (3.16) 
where vo is the velocity of the a-particle in the nucleus (vo z 0.1 c). The large 
variation in the lifetimes is explained by the Gamow factor in the exponent: 
since G x Z/8 x Z/A/E, small differences in the energy of the a-particle 
have a strong effect on the lifetime. 
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wavefunction 
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: past the barrier 
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Reduced probability, 
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Nuclear Fusion & Fission 





The binding energy per nucleon 
curve shows that the maximum 
occurs around 22 Fe and drops off 
to either side. 





0 50 100 150 200 


Hence, both small A and large A nuclei are less strongly bound per 
nucleon than medium A. 

This means there will be some energy release if two small nuclei are 
combined into a larger one, a process called nuclear fusion. 
oimilarly, there will be an energy release if a large nucleus is split into 
two smaller parts, a process called nuclear fission. 
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Fission 





We have seen alpha decay can be understood as tunnelling through 
a Coulomb barrier when the alpha has less energy than the barrier 
height. 


Fission is the more general process of splitting a nucleus into two or 
more nuclear fragments. Although this clearly includes alpha decay, 
the term fission is more normally used to describe processes where 
the resulting nuclei are much more even in size. 
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Fission energetics 


We have seen the maximum binding energy per nucleon is around 3@Fe so we expect that fission 
is energetically possible for nuclei larger than around twice this size. It turns out that splitting 
a nucleus into two equal nuclei normally gives the largest energy release Q (as shown on the 
problem sheet). This is then 


O = m(Z, N) - 2m(Z/2, N/2) = 2Bg(Z/2, N/2) — Bg(Z, N) 


This can be estimated from the semi-empirical mass formula. The volume terms clearly cancel, 
so ignoring the pairing term and approximating Z(Z — 1) to Z 2, then this is 


7 Av Z?/A (N/2 — zj2y? 
Q=2 | Qs ( ) E 


E AES 
Qa ( ) 
2 A/2)M/3 A/2 


2/3 
+ as A | 0173 E da 9 














This gives 


Q = ^h 2e) ra wm (gn) re Mb h- 2 (2 


g^ 
ag AOL 9m ae E (10 


Energy is released when Q > 0, meaning 


z? 
aea — 09 sa A. 
E 2 1/3 
^ as (2 == 1) Qs 
> == E — 0402-5 «18 
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Fission energetics 





For nuclei on the beta-stability curve this is actually satisfied for A > 100, which gives Z > 42. 
Hence, like alpha decay, fission is only energetically possible for heavy nuclei. 

Note, fission involves a much bigger change to A than alpha decay and so gives a much bigger 
shift closer to 38Fe in the binding energy per nucleon plot. Hence, the energy releases in fission 
are significantly higher. We saw typical alpha decay energies are less than 10 MeV. Fission 
decays tend to release hundreds of MeV. This is one of the reasons why practical applications 
of nuclear energy use fission not alpha decay. 
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Spontaneous Fission 





We can classically picture the process as the nucleus deforming and breaking up as 
follows: 





o © a» ee 


One critical issue is whether it takes energy or not to deform the nucleus in this way. The two 
terms which influence this are again the surface term and the Coulomb term. We have seen 
that nucleons on the surface are less strongly bound, due to missing nearest neighbours. For 
a given volume, a sphere has the smallest surface area and hence the biggest binding energy. 
Hence, deforming from a sphere to an ellipsoid with the same volume increases the suface area 
and so requires energy. Explicitly, an ellipsoid can be defined in terms of a small deformation 
parameter 6, where the major axis is r(1 +0) and the two minor axes are r/v 1 + ô. The surface 


area of the ellipsoid is then 
A 25? 
Arr 1 + 5 


and so the change to the nucleus energy is as(A?/*)(26?/5). However, a deformed nucleus has 
the protons on average further away from each other and so the Coulomb energy is decreased. 
Hence, as a nucleus deforms, Coulomb energy is released. The approximate electrostatic energy 
of an ellipsoid for small deformations is 
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Spontaneous Fission 





and so the change to the nucleus energy from this effect is —a.(2?/41/3)(82/5). For the Coloumb 
term to be bigger, then 
Z^ 434 20" 
Eod /3 
de AUS 5 > as A 5 


which means 





A P aec 
For nuclei on the beta-stability curve, this corresponds to A > 407 which is Z > 144. For these 
very large nuclei, the deformation actually reduces the nucleus energy so there is no barrier 
to this happening. This means they can spontaneously decay through fission and will do so 
extremely fast, ~ 107% s. This sets an absolute upper limit to the periodic table. 

For nuclei intermediate between these two values, i.e. 18 < Z?/A < 51, then fission overall is 
energetically allowed but the deformation to start it requires energy and so, as for alpha decay, 
there is a potential barrier to tunnel through. In this case we cannot really consider one of the 
large daughter nuclei as forming and moving in a potential within the nucleus, so it is not so easy 
to draw such a potential well as for alpha decay. However a qualitative picture can be obtained 
by looking at how the energy needed to deform the nucleus depends on the deformation. We 
know that for nuclei in this range, it takes energy to deform the nucleus but when the daughter 
nuclei are separated enough that the nuclear force between them is small, then the Coulomb 
force dominates, as for alpha decay. Hence, a rough idea of the energy as it deforms is 
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Spontaneous Fission 








Energy 
Z/A> 51 
18 «Z/A «51 
Deformation 
18 <Z/A 





The fact that nuclei in this intermediate range have to tunnel again gives a very strong lifetime 
range and exponential dependence on Z?/A over 30 orders of magnitude. 
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Induced Fission 





It is clear that fission for most of the heavy nuclei is difficult and hence slow. It can be speeded 
up enormously by exciting the nuclei. For practical uses of the fission energy, this is clearly 
essential. If enough energy can be added to a nucleus to raise its energy higher than the fission 
barrier, then it will fission within 107% s, the very fast rate associated with the strong force, as 
happens for the nuclei above the barrier, i.e. those with Z?/A > 51. 

There are several ways to excite nuclei to higher levels. The most obvious would be to 
bombard them with gamma radiation, as that is how excited nuclei can decay and indeed it is 
perfectly possible to excite them in this way. However, this is an EM reaction and so does not 
have as large a cross-section as a strong force reaction. In addition, there are no simple ways to 
make intense gamma sources in practise. 

To have a high fission rate requires a strongly interacting particle, such as a proton, neutron 
or alpha. Of these, neutrons are special; they are neutral and so, unlike protons and alphas, 
are not repelled from the nucleus by their EM charge. To react via the nuclear force, protons 
and alphas would have to either have a high enough energy to overcome the Coulomb barrier 
or would have to tunnel through the barrier, drastically reducing the rate. Neutrons have no 
such problem and so can react at any energy effectively down to zero. Cross sections tend to 
be largest at low energies as, roughly speaking, there is more time to react. Neutron absorption 
dominates at such energies, leaving an excited nucleus. Clearly, any excited nucleus has some 
probability of gamma decaying to the ground state and this competes with the fission decay. 
The ratio of gamma to fission decays depends strongly on how far above the fission barrier the 
excited nucleus is. 
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Induced Fission 





When a nucleus absorbs a neutron, the N and A values increase by one. Hence, if we have 
a nucleus 2X in which we want to induce fission, then we have to start with its isotope A 


umi +n— £X* fission 


Of course, the neutron has to have enough energy to excite the nucleus over the fission barrier. 
This depends on the relative binding energies of the two isotopes. The total input energy of the 
reaction is 


m(Z, N — 1)c? + En = Zm + (N — 1)m,c — Bg; - Mre 4T, = Zm + Nme — Bpi + T, 
where Tn is the neutron kinetic energy. The final nucleus has a energy in its ground state of 
m(Z, N)c? = Zm + Nm,c — Bg; 


Hence, neglecting the small nucleus recoil energy, the excited nucleus will be formed at an energy 
above the ground state given by the difference of these 


AE = Bg — Bri t Ts 
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Induced Fission 





To fission, AE has to be greater than the fission barrier height. If the initial isotope is weakly 
bound and the final is strongly bound, so Bg; — Bg; is large, then T;, can be small and even zero. 
Conversely, a small B5; — Bg; would need a large neutron energy with a subsequent reduction in 
cross section. The binding energy tends to be vary quite smoothly (except near magic numbers) 
in the semi-empirical mass formula with the exception of the pairing term. Clearly as A changes 
by one in neutron absorption, then one of the isotopes is even A and the other odd A. Hence, 
depending on whether the even A is even-even or odd-odd, the major part of the difference will 


be given by a, /AV ? ~ 2 MeV. Examples of nuclei which can fission after absorbing even a zero 
energy neutron are the odd A nuclei 783U, ?23U, Pu and Pu. These all have even Z and 
odd N; the extra neutron then makes these nuclei even-even and so have a large Bry. Even A 
nuclei which require a fast neutron include ?32 Th, ?35U, *8%Pu and Pu. In these cases, they 
are all even-even and so have a large Bg; to start with. 
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Nuclear Fusion 





The binding energy per nucleon 
curve shows that the maximum 
occurs around 22 Fe and drops off 
to either side. 





0 50 100 150 200 


Itis the case that nuclei below the maximum can combine and release 
energy, a process called fusion. 
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Therefore, energy will be released through fusion. The generic fusion process is 


A A Ax +A 
ZxX + yY > zx Ly Y 

To extract energy then the final nucleus has to have less total mass than the initial two nuclei. 
This means F' must actually be in an excited state. The released energy will therefore come out 
when it decays. For example, it can gamma decay to release the extra energy 

A A Ax +A Ax +A 

DE E 4 
We often don't need to consider F* explicitly and indeed, often no coherent nucleus can be 
considered to be made. 

The simplest case of such a reaction is the creation of a deuteron (d = 4H) from a proton 
and neutron 
ptn-d+y 


where, for E, ~ En ~ 0, the emitted photon energy is E, = O = (m, + Mn — m4)c? = 2.2 MeV. 
This is clearly an electromagnetic reaction and so in general does not have such a large cross 
section as a strong reaction. 

Other possibilities for the energy to be released are to emit protons or neutrons in a strong 
interaction, e.g. An example of this is the so-called “D-T” reaction of a deuteron and tritium 
(t = TH) to make helium and a neutron 


d+t> Heta 
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Let's look at the binding energy per nucleon plot again in more detail. A clear feature is the 
large value for 3He, particularly compared with the values just above it. ¿He is doubly magic 
and stands out as being much more strongly bound, with a value of Bg/A ~ 7.1 MeV, than its 
neighbours. It is, in fact, more strongly bound than all the higher nuclei until !2C. Indeed there 
are no A = 5 or A = 8 stable nuclei because ¿He is so stable. ¿He and 3Li very rapidly decay 
by nucleon emission 


He— íHe+n, 3 3Li— ¿He+p 


with lifetimes of order 107?! s, while {Be spontaneously fissions to two ¿He nuclei with a lifetime 
of order 10719 s. If $He had a lower binding energy, these reactions would not be energetically 
possible. 

The maximum value of the binding energy per nucleon is around 8.7 MeV for nuclei close to 
iron. If we create ¿He in fusion as a first step to building up to iron, we already get over 80% of 
the maximum possible energy release. Also, the next step would require combining ¿He nuclei 
into the next nucleus with a higher binding energy, which is !2C. This requires three ¿He nuclei 
and is very hard to do; reacting three nuclei at once is almost impossible and we have already 
seen the most obvious intermediate nucleus, }Be, decays very rapidly. Even if these problems 
can be overcome, this reaction only yields another 0.6 MeV per nucleon. 
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Hence, all practical applications of fusion concentrate on combining hydrogen isotopes into 
3He. This also has the advantages that the Coulomb barriers are smaller for these nuclei and 
that hydrogen and deuterium are readily available. Deuterium occurs naturally in 0.015% of 
water which is not a large fraction but water is clearly plentiful so the supply is enormous. Also, 
unlike uranium, deuterium is relatively easy to separate from hydrogen as the masses differ by a 
factor of two, not 1%. The most obvious reaction to make helium would be using two deuterons 


d+d>= ¿He+y, Q = 23.8 MeV 


but although the energy release is large, this is an EM reaction with a correspondingly low cross 
section. The more common reactions are 


d+d> 3He+n, Q = 3.3 MeV 


and 
d+d— ?H+p, Q = 4.0 MeV 
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This final reaction produces tritium, which is the third isotope of hydrogen. Tritium beta decays 
to ¿He with a lifetime of 17.7 years so none is found naturally and it has to be manufactured. 
This can be done from the above or by using lithium reactions 


Ti+n> iHe-ct, ipn ¿He+t+n 


As previously mentioned, tritium also reacts with a deuteron (the D-T reaction) to produce 
helium through a strong interaction 


d+t> ¿He+n,  Q=17.6 MeV 


This releases a lot of energy as the helium is strongly bound and happens to have a large cross 
section, making it good for practical applications. The main disadvantage is that tritium is 
needed, which firstly must be manufactured and secondly must be replenished as it decays. 
Also, the neutron produced takes more than half the energy and extracting that for power uses 
is not straightforward. 
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